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| The NASA Ball on Plate Tribometer (BoPT) is a bench tester for ball
undary lubricants. This paper shows that BoPT operation is

: by suitable specialization in published first order kinematic

_ j',: for Angular Contact Ball Bearings (ACBB). Thus, since the BoPT
facta ball bearing, transfer of BoPT test results to real bearing

pplicat ons is meaningful. We also discuss some second order effects present
‘ﬁeth BoPT and ACBB operation.

.ngUCTION

. The NASA Ball on Plate Tribometer was developed as a bench test for
sidiry hubricants in ball bearings. It has been described in general in
erence 1 and in detail in Reference 2. Many people distrust tribological
ch tests for a variety of reasons, including inappropriate geometry. The
TIIS a real ball bearing (albeit of unusual design) whose peculiarities can

: qllanutanvely analyzed. Its running conditions can be adjusted to match a
Epagic:mnge of bearing applications, and controlled well enough for
m;féz&ducibﬂity. BoPT test results have shown definite distinctions amongst
i}mmdary lubricants. This paper compares the BoPT and ACBB, listing




9similarities and differences between them as an aid in evaluating boundary
lubrication effects in real bearings.

FIRST ORDER KINEMATIC ANALYSIS, ACBB

The following has been abstracted from Reference 3. An ACBB has
five components: inner race, outer race, ball set, ball retamer/separator/cage,
and lubricant. Races and balls are ana:iged as shown in Figure 1. A preload,

- parallel to the bearing Spin axis, pushes inner and outer races against each

other through the ball set, Ball diameter d, pitch diameter E. and race
Curvatures are controlled so that the preload is carried across the balls along
lines of contact that define the contact angle B.

The two races can be given independent angular velocities represented
by vectors I and O, parallel to the spin axis, of any length and in either
direction. The bearing as a whole is then said to have total speed S and

average speed A:

S=71-0 1

A=3(I1+0) 2

Total speed is the algebraic difference in race rates and measures the shear in

the bearing. For example, if S = 0 the whole bearing assembly turns as a

R T N T

solid wheel. Average speed is the arithmetic average of the Tace rates.
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(true for a stationary bearing), and “roll without slip™ at the ball-race

contacts we get:
dcosB

G=A+S

At the same time each ball rotates about its own center at its “spin”
- angular velocity s:
E?-d*cos’ B

=8 |
y 2Ed .

However, s is not parallel to the other angular velocities; instead it is normal
to the line of contacts, at 7 - B from the bearing spin axis. This misalignment
1n angular velocities introduces pivot (see below) at all ball race contacts.
The coefficient of S in Eq. (4) is constant, a function of bearing geometry
only, and is called p, the basic speed ratio of the bearing. Eq. (4) shows that
ball spin rate equals p times total speed, no matter what the particular
combination of race rotations (and the resulting group orbit rate) might be.

Two quantities related to lubricant degradation in ACBB operation are
contact pivot p and contact severity . Pivot is the component of relative
angular velocity of two bodies in contact normal to their plane of contact. Tt
damages lubricants in an ACBB by inducing pivoting slip in the high pressure
ball-race contacts (Reference 4). The sum of the pivot magnitudes at the inner
and outer race contacts on a single ball in an ACBB is:

D;,|=SsinB 5

b2

depending only on total speed and geometry.




Severity is the rate at which friction energy is deposited in a contact,

and is important because it measures the chemical degradation of the

lubricant:
o= uf Pvad 6
H

Here p s friction coefficient, H is the (elliptical) Hertz area, P is local
pressure and v is local slip velocity (proportional to pivot times the local
radius vector from the center of the Hertz footprint).

A conventional ball bearing is fitted with a ball retainer. Its mechanical
functions are to retain the ball set during bearing assembly and to separate the
balls so that they cannot touch each other during operation. Since the retainer
rotates once each time the ball set orbits, it shares the group angular velocity
G. The retainer is located radially by one of the races (determined by bearing
design) and slides continuously against that race. A particular ball slides
against its pocket in the retainer if its orbit speed is faster or slower than the
average for the set. There is no easy way to determine either the retainer-race
force, the ball-pocket contact force system, or their time dependencies in any

real bearing application.

FIRST ORDER KINEMATIC ANALYSIS, NASA BoPT

The BoPT also has five components: top plate, bottom plate, guide
plate, ball set and lubricant, set up as shown in Figure 2. Three equally
spaced balls of diameter d roll between a stationary bottom plate and a top
plate rotating at T. The balls carry an applied axial load W from plate to



plate (analogous to preload in an ACBB). Top and bottom contact angles are
both w/2, automatically satisfying the second ACBB kinematic assumption.
To first order the ball track is circular, having a pitch diameter of 2 R
(analogous to E). The Hertz contact areas are circular, each radius ry
depending on the load being carried. This simple geometry gives a closed
form for the severity integral. To substitute in the ACCB formulas for the
BoPT we associate the rotating top plate with an outer race and the fixed
bottom plate with a stationary inner race, analogous to outer race rotation.

Table I lists the results of the substitution:

TABLEI
ACCB & BoPT COMPARED FOR FIRST ORDER KINEMATICS

VARIABLE ACBB BoPT
S, total speed I-0 T

A, average speed I+0)/2 T/2

G, ball orbit rate A+S(dcosB)/2 T/2

B, contact angle B n/2

p, basic speed ratio (B?-d*cos?B)/2Ed R/d

s, ball spin rate | pS R/HT
b4 | Piio l , absolute pivot sum SsinB T

G, severity [ J' Pvdd 3732 (uT Wry)
. A




The results in the last column are identical with those rigorously
derived in Reference 2 for the BoPT under the single assumption of roll
without slip. Therefore it is completely reasonable to apply BoPT results to
ACBB ball-race problems, at least to first order. Quantitative correspondence
in rolling conditions within the Hertzian contacts can be established through
severity calculations (friction coefficient evaluation is discussed below).

Note that the ball orbit rate in the BoPT is independent of -ball size and
load. The balls maintain their spacing without a separator, and none is used in
the BoPT. |

SOME SECOND ORDER EFFECTS
TRANSVERSE MICROCREEP
BoPT - Spiral Track
The most important second order effect in the BoPT is that the balls
take a spiral rather than a circular track. The spiral is attributed to elastic
microcreep (Reference 5), and would eventually cause the balls to fall from
between the flats if ignored. Figure 2 shows the guide plate assembly used to
correct for this problem. Each ball, starting at R, spirals outward and contacts
the guide plate at an increased pitch radius near the end of each orbit. It then
rolls along the guide plate in a straight line track (called the “scrub™) back to
its original radial position at R, and repeats. Since the guide plate retains the
ball set between the plates, the BoPT is a separatorless, but not a retaineriess |
ball bearing. Figure 3 is a photograph of the spiral-scrub combined track, with
overlain angular velocities for the ball. '
Kinematics in the scrub is analyzed in detzil m Referencs 2. The scrub

generates gross slip not present in an ACBB. howewes e ERETETGhe




variation, location, and duration of scrub slip are well defined and easily
accounted for when analyzing BoPT results. The guide plate is mounted on a
force transducer which measures friction during each scrub (thereby

providing friction coefficient for severity calculations).

ACBB - Blocking

It has been suggested that the balls in an ACBB also undergo
transverse microcreep, rolling outward and up the groove side into a pinched
position at ncreased contact angle. The effect is called blocking, and has
been cited in discussions of high torque events in space mechanisms.
(References 5,6). In principle, blocking could be directly measured in the
BoPT if a grooved track were machined into the bottom plate. A small
upward displacement of the top plate during the first few revolutions would‘
establish the effect.

ANGULAR VELOCITY DEFICITS
BoPT - Group Orbit Rate

The theoretical ball group orbit rate in the BoPT is half the top plate
rate (line 3 in Table I). However, measurements show the actual rate to be
slightly less than the theoretical rate, typically 0.03% less for liquid
lubricants. The deficit appears to depend on the type of lubricant in use. In
particular, a deficit at least an order of magnitude smaller was found using a
solid film lubricant. The origin of this deficit in a boundary hubricated system
1s not understood at present, although it evidently is a manifestation of
circumferential slip between ball and plate. Perhaps it will prove necessary to
explore viscous or plastic effects in boundary films.




ACBB - Ball Spin Rate

A second order angular velocity deficit is also present in ACBB
operation. Measurements show that balls spin slightly slower than their
theoretical rate, and that the deficit is larger for thicker lubricating films. The
effect has been attributed to the presence of circumferential rheologic shp
between balls and race, and for a parched EHL film, seems a reasonable
consequence of viscosity or plasticity (Reference 4). A correspondence
between increased spin rate and decreased measured film thickness has been
established (Reference 8).

SUMMARY

The BoPT is a separatorless, but not a retainerless angular contact ball
bearing, described to first order by standard bearing equations. It generates
short, well-characterized bursts of load/slip not present in an ACBB, that for
its part generates continuous, poorly defined load/slip at cage contacts that
are not present in the BoPT. The BoPT measures a friction coefficient that
can be used to quantify contact conditions likely to damage boundary
lubricants via contact severity. A severity calculation can be used to connect
BoPT bench test conditions with real bearing conditions.

At least two second order effects are shared by the BoPT and ACBB: .
transverse microcreep and angular velocity deficit. Because of its simple
rolling conditions and accessible components the BoPT offers an easy

experimental means of studying these interesting issues.
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